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Berberine (BBR) has a neuroprotective effect against ischemic stroke, but its specific
protective mechanism has not been clearly elaborated. This study explored the effect of
BBR on the canopy FGF signaling regulator 2 (CNPY2) signaling pathway in the ischemic
penumbra of rats. The model of cerebral ischemia-reperfusion injury (CIRI) was established
by the thread embolization method, and BBR was gastrically perfused for 48 h or 24 h
before operation and 6 h after operation. The rats were randomly divided into four groups:
the Sham group, BBR group, CIRI group, and CIRI + BBR group. After 2 h of ischemia,
followed by 24 h of reperfusion, we confirmed the neurologic dysfunction and apoptosis
induced by CIRI in rats (p < 0.05). In the ischemic penumbra, the expression levels of
CNPY2-regulated endoplasmic reticulum stress-induced apoptosis proteins (CNPY2,
glucose-regulated protein 78 (GRP78), double-stranded RNA-activated protein kinase-
like ER kinase (PERK), C/EBP homologous protein (CHOP), and Caspase-3) were
significantly increased, but these levels were decreased after BBR treatment (p <
0.05). To further verify the inhibitory effect of BBR on CIRI-induced neuronal apoptosis,
we added an endoplasmic reticulum-specific agonist and a PERK inhibitor to the
treatment. BBR was shown to significantly inhibit the expression of apoptotic proteins
induced by endoplasmic reticulum stress agonist, while the PERK inhibitor partially
reversed the ability of BBR to inhibit apoptotic protein (p < 0.05). These results confirm
that berberine may inhibit CIRI-induced neuronal apoptosis by downregulating the CNPY2
signaling pathway, thereby exerting a neuroprotective effect.
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INTRODUCTION

Ischemic stroke, also known as cerebral infarction, is a common
and frequent clinical condition (Global Burden of Disease Study,
2015). It is mainly caused by the blockage of cerebral blood
vessels, which leads to the dysfunction of regional cerebral blood
supply. Its disability rate, recurrence rate and mortality rate are
high, seriously endangering human physical and mental health
(Poustchi et al., 2021). The progression of clinical and basic
research has led to improvements in the treatment of stroke, in
particular mechanical thrombectomy and thrombolysis.
However, the narrow treatment time window and subsequent
complications remain difficult problems for clinicians (Burrows
et al., 2015). Among them, severe brain tissue injury may occur
after vascular recanalization; this type of damage is called cerebral
ischemia-reperfusion injury (CIRI) (Sun et al., 2018) and is an
important cause of subsequent complications, which poses a new
challenge to researchers. The discovery of methods to reduce
CIRI is an area of active research, and elucidating the mechanism
of CIRI can provide new ideas and targets for treatment.

With the national investment in Chinese medical research, the
unique curative effect of traditional Chinese medicine for chronic
diseases has been confirmed (Qiao et al., 2020). There are many
kinds of traditional Chinese medicine (TCM). TCM has no
obvious toxicity or side effects and has comprehensive
therapeutic effects that cannot be replaced by Western
medicine. In recent years, many TCMs have shown promise
for the clinical diagnosis and treatment of CIRI, and new theories
have also been proposed to continuously expand and improve the
understanding of TCM mechanisms (Huang et al., 2019; Long
et al., 2020). As a common clinical Chinese medicine, berberine
(BBR) is widely used as an antipyretic analgesic and as an
antibacterial agent for intestinal infections (Song et al., 2020).
Recent studies have also shown that BBR not only has
antioxidant, anti-stress, anti-inflammatory, hypolipidemic and
anticancer pharmacological activities, it also has a clear
therapeutic role in cardiovascular diseases (Song et al., 2020).
Importantly, BBR can play a direct neuroprotective role in
cerebral ischemia injury because it can cross the blood-brain
barrier (Liu et al., 2019). Recent research has shown, BBR may
reduce CIRI-induced neuronal apoptosis by reducing the
expression of caspase-3 and caspase-9, increasing the ratio of
B lymphocyte tumor-2 (Bcl-2)/Bcl-2 related x protein (Bax)
(Zhang et al., 2016b). Similarly, studies have also found that
BBR also alleviated ischemic brain injury by reducing
intracellular reactive oxygen species (ROS) level and
subsequently inhibiting mitochondrial apoptosis pathway
(Zhou et al., 2008). Its protective mechanism may involve an
extremely complex pathophysiological process, and its specific
pharmacological mechanism has not been fully clarified; thus, it is
the topic of our in-depth study.

CIRI is an important issue in the mechanism of ischemic
cerebrovascular disease injury and is an intensely studied research
area in China and abroad. At present, a wide range of scholars
believe that insufficient blood flow in local areas of the brain
causes a series of complex reactions, such as inflammation,
oxidative stress, apoptosis, intracellular calcium overload, and

excitatory amino acid toxicity (Datta et al., 2020). These factors
interact and influence each other to form a complex regulatory
network, leading to neuronal apoptosis/death. CIRI-induced
apoptosis is an important route of nerve cell death, which
clearly exacerbates neurological deficits in patients with
cerebral infarction. Therefore, apoptosis plays a crucial role in
the pathological process of CIRI (Uzdensky, 2019). Current
research suggests that there are three main signal transduction
pathways that regulate apoptosis, namely, the mitochondrial
pathway, the death receptor pathway and the endoplasmic
reticulum stress (ERS) pathway (Ten and Galkin, 2019; Zhai
et al., 2019; Datta et al., 2020). Although the most recent studies
have identified the important role of the ERS-mediated apoptosis
pathway in CIRI, it is not completely clear how ERS is triggered.
Recent studies have found that canopy 2 (canopy FGF signaling
regulator 2, CNPY2) is involved in the occurrence of ERS and is
the main trigger of the PERK-CHOP pathway (Hong et al., 2017).
During the transition of the ER from a nonstressed state to a
stressed state, the CNPY2 binding partner switches from GRP78
to PERK, thereby selectively activating the PERK-CHOP-
mediated apoptosis signaling pathway (Urra and Hetz, 2017).
However, our understanding of the role of CNPY2 is limited, and
its mechanism in CIRI requires further study.

Based on the neuroprotection mechanism of BBR and the
important role of ERS apoptosis pathway in CIRI, this study
established a CIRI rat model to further explore the role and
mechanism of ERS pathway in BBR neuroprotection. The results
reveal part of the neuroprotective mechanism of BBR at the
molecular biological level and provide a theoretical basis for its
clinical application in the treatment of ischemic stroke.

MATERIALS AND METHODS

Animals
Healthy male Sprague Dawley (SD) rats, approximately
8–10 weeks old, weighing 210–260 g, were provided by the
Beijing Charles River Experimental Animal Technology Co.,
Ltd. The feeding environment was well ventilated during the
experiment. The room temperature was 22–25°C, the humidity
was 40–70%, and the circadian rhythm was maintained at 12 h/
12 h. All animals had free access to food and water. All animal
experiments were approved by the Experimental Animals Ethics
Committee of the Tianjin 4th Centre Hospital (The Fourth
Central Hospital Affiliated to Nankai University) and the
Experimental Animal Ethics Committee of Institute of
Radiation Medicine, Chinese Academy of Medical Sciences.
All animal programmes are implemented in strict accordance
with the provisions of the National Regulations on Experimental
Animal Ethics. The associated permit number is IRM-DWLL-
2019139.

Main Reagents
BBR (purity >99%) was purchased from Sigma Aldrich;
antibodies against CNPY2, PERK, and CHOP were purchased
from Proteintech; p-PERK was purchased from Cell Signaling;
and GRP78, GAPDH, Calnexin, and Caspase-3 were all
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purchased from Abcam. The reagent thapsigargin (TG) was
purchased from Sigma, and GSK2606414 (GSK) was
purchased from MCE. The TUNEL kit was purchased from
Roche.

Drug Treatment and Grouping
SD rats were randomly divided into 4 groups (12 in each
group), namely, the sham operation group (Sham group), BBR
treatment group (BBR group), rat cerebral ischemia-
reperfusion injury model group (CIRI group), and CIRI +
BBR treatment group (CIRI + BBR group). The BBR group and
CIRI + BBR group were administrated intragastrically with
BBR for 48 h, 24 h before operation and 6 h after operation.
The dose of BBR (40 mg/kg) was derived from previous
research results and is in the range of BBR doses commonly
used in clinical practice (Zhang et al., 2016b; Zhang et al.,
2016a; Liu et al., 2019). Correspondingly, rats in the Sham and
CIRI groups were intragastrically given equal volumes of
saline. The rats in the Sham group and BBR group had the
same operation as the CIRI group except the middle cerebral
artery was not blocked. Rats that died of anesthesia and surgery
were excluded. After 24 h of reperfusion, all rats were scored
for neurological impairment, and brain tissue samples were
collected for further experiments.

To further verify the experimental results, we added the ER
agonist TG (intraperitoneal injection with 0.3 mg/kg) and
randomly divided the rats into five groups (6 rats per
group): the Sham + DMSO group (Sham + D group), CIRI
+ D group, CIRI + D + BBR group, CIRI + TG group, and CIRI
+ TG + BBR group. Simultaneously, in another group of
experiments, we added GSK (Intraventricular injection with
90 μg), a PERK-specific inhibitor of the ERS apoptosis pathway
(Yan et al., 2017; Meng et al., 2018). According to the
experimental requirements, the rats were randomly divided
the rats into four groups (6 rats per group): the Sham + D
group, CIRI + D group, CIRI + D + BBR group, and CIRI +
GSK + BBR group. DMSO is a solvent for TG and GSK. TG and
GSK were injected intracerebrally at the beginning of
reperfusion. Rats in the Sham and CIRI groups were given
an equal volume of DMSO solution, and the rest of the
operations were the same as before. At the end of the
experiment, all rats were screened by neurological deficit
scoring, and samples of ischemic penumbra were separated
according to a previous method (Huang et al., 2015; Liu C.
et al., 2018), and then frozen in liquid nitrogen for Western
blot experiments.

Establish the Cerebral
Ischemia-Reperfusion Injury Model
To maximize the approach to the pathogenesis of stroke in
humans, the rat CIRI model was established by the thread
suppository method reported by Zea-Longa (Longa et al.,
1989). Animals were fasted for 12 h and water for 4 h
before surgery. Briefly, the rats were anesthetized by
intraperitoneal injection of chloral hydrate (300-350 mg/kg),
and then fixed on the operating table in the supine position.

After shearing and disinfection, a median cervical incision was
performed to fully expose the right common carotid artery
(CCA), external carotid artery (ECA) and internal carotid
artery (ICA). The CCA proximal end and ECA proximal
end were ligated with a ligature, and the ICA distal end was
clamped by an arterial clip to temporarily block the blood
supply to the brain. Then, a small incision was made in CCA
with ophthalmic scissors. The monofilament nylon thread was
inserted through the incision, the artery clamp was loosened,
and the thread bolt was slowly pushed in the internal carotid
artery to a slight resistance. The insertion depth was about
18–20 mm, that is, the successful occlusion of the middle
cerebral artery. Cover the neck incision with gauze soaked
in saline. After 2 h of ischemia, the nylon thread was removed
to restore the blood flow of middle cerebral artery, and cerebral
reperfusion was maintained for 24 h. The line end of the Sham
group stopped advancing within 10 mm. The common carotid
artery was ligated with pulling thread, the incision was
disinfected locally, and finally the incision was sutured layer
by layer. The rats maintained spontaneous breathing during
the operation, and the room temperature was maintained at
22 ± 2°C.

Modified Neurological Severity Score
After 2 h of cerebral ischemia and 24 h of reperfusion, the mNSS
was determined for the rats in each group to assess their
neurological function before taking samples. Scoring
indicators include exercise, sensory, balance and reflex tests.
The lowest score is 0 points and the highest score is 18 points.
The higher the score is, the more severe the neurological
impairment. The specific operation method and scoring
standard of the experiment are provided in the references
(Lourbopoulos et al., 2008). The assessors did not know the
grouping of the rats.

Terminal Deoxynucleotide
Trans-Ferase-Mediated dUTP Notch
Terminal Labelling (TUNEL) Staining
After the experimental rat was anesthetized, the thoracic
cavity was quickly opened, and a small incision was cut
in the left ventricle and right atrium respectively. Normal
saline was to flush blood through a lavage catheter
inserted into the left ventricle, and 4% paraformaldehyde
was used to perfuse the tissue. Then, the brain was quickly
removed and fixed in 4% paraformaldehyde solution. After
routine dehydration, transparent and paraffin embedding,
continuous coronal slices were made. According to the
manufacturer’s protocol, paraffin-embedded brain sections
were fluorescently stained using an in situ apoptosis
detection kit (POD; Roche Diagnostics Corp., Indianapolis,
IN, United States). Under a fluorescence microscope (400×), 4
fields of view of each brain specimen slice were randomly
selected, and the number of cells and apoptotic cells in
the visual field were calculated. The apoptotic rate was
calculated as the number of apoptotic cells/total number of
cells × 100%.
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Immunofluorescence Assay
Serial coronal sections of brain samples were made
according to the above experimental procedures, and
immunofluorescence testing was performed according to the
manufacturer’s instructions. Briefly, sections were routinely
dewaxed and antigen repaired, and CNPY2 primary antibody
(1:250 dilution) or GRP78 primary antibody (1:500) was added
and incubated at 4°C overnight. After the slices were washed,
the second antibody was added (incubated at 37°C for 30 min),
and then the nucleus was stained with DAPI (1:100).
The distribution of cells positive for CNPY2 or GRP78
was observed under a fluorescence microscope (400×).
Four areas of each sample were randomly captured,
and the fluorescence intensity was analyzed using ImageJ
software.

Immunohistochemistry
The above experimental steps were followed to make
continuous coronal slices of the brain specimens;
immunohistochemical staining was then performed
according to the manufacturer’s instructions. In short, the
sections were routinely dewaxed and antigen repaired, and the
endogenous peroxidase activity was eliminated. Next, the
sections were incubated with CNPY2 primary antibody (1:
800 dilution) at 4°C overnight. After rinsing, a secondary
antibody was added to the section and incubated at 37°C for
30 min 3,3′-Diaminobenzidine (DAB) was used for color
development at room temperature, and samples were
counterstained with the dropwise addition of hematoxylin.
After mounting, CNPY2-positive cells were observed under an
optical microscope at a magnification of 400×. Brown staining
was considered to indicate positive expression. Four areas of
each sample were randomly captured and analyzed using
ImageJ software. The positive rate of immune cells �
positive number of immune cells/(number of positive cells
+ number of negative cells) × 100%.

Western Blot Experiment
Protein separation and Western blotting were performed
according to the steps described in a previous study (Zhao
et al., 2019). In short, the rat brain ischemic penumbra tissue
was rapidly homogenized, and the cells were then fully lysed
and centrifuged at 4°C at 12000x g for 30 min. The collected
tissue homogenate supernatant was used for protein
concentration determination (BCA method). An equal
amount (30 μg) of protein sample was transferred to a
nitrocellulose membrane after 10–12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
membrane was incubated with 5% skim milk at room
temperature for 2 h and then incubated at 4°C overnight
with specific monoclonal antibodies. Primary antibodies
included CNPY2 (1:500), GRP78 (1:5000), p-PERK (1:1000),
CHOP (1:2000), PERK (1:1000), Caspase-3 (1:2000), Calnexin
(1:2000) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1:10000). The next day, the membrane was
washed at room temperature and incubated with the
corresponding secondary antibody (Solarbio) for 2 h. The

protein bands were then developed with an enhanced
chemiluminescence solution. Image lab software (Bio-Rad,
United States) was used to quantitatively analyze the
protein bands.

Statistical Analysis
The data were statistically analyzed using SPSS19.0
software (SPSS Corporation, United States). The data are
expressed in the form of mean ± SEM. For comparison
between multiple groups, one-way analysis of variance
(ANOVA) and Tukey’s postmortem multiple comparison
test were used. Statistical significance was defined as p <
0.05. All statistical graphics were processed by GraphPad
Prism software (version 5.0, GraphPad Software Inc.,
United States).

RESULTS

Berberine Improves Neurological
Dysfunction Induced by Cerebral
Ischemia-Reperfusion Injury
After 24 h of reperfusion injury, neuroethology was evaluated
by the Modified Neurological Severity Score (mNSS)
(Lourbopoulos et al., 2008). There was no statistically
significant difference in mNSS score between the Sham
group and the BBR group (p > 0.05, Figure 1). Compared
with that of the Sham group, the neurological function score of
the CIRI group was significantly increased (p < 0.05).
However, the mNSS score of the CIRI + BBR group

FIGURE 1 | BBR improves neurological dysfunction induced by CIRI.
After 24 h of reperfusion injury, neuroethology was evaluated by the Modified
Neurological Severity Score (mNSS). Data are shown as the mean ± SEM,
n � 12 per group. *p < 0.05 compared with Sham group; #p < 0.05
compared with the CIRI group.
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decreased significantly after 24 h of perfusion, which was
statistically significant compared with that of the CIRI
group (p < 0.05, Figure 1). The mNSS score

comprehensively evaluates the neurological deficit after
ischemia. The results show that BBR improved the
neurological dysfunction caused by CIRI.

FIGURE 2 | BBR attenuates neuronal apoptosis in ischemic penumbra induced by CIRI. (A), TUNEL staining was performed on slices from cortical ischemic
penumbra. (B), Ratio of positive cells. Original magnification is 400×, scale bars is 20 μm. (C), The apoptotic protein cleaved Caspase-3 from cortical ischemic penumbra
was determined by Western blot. GAPDH was used as the loading control. n � 6. (D) Bar graph showing the statistical comparison of Caspase-3 protein levels across
groups. Data are shown as the mean ± SEM. *p < 0.05 compared with Sham group; #p < 0.05 compared with the CIRI group.

FIGURE 3 | BBR attenuates neuronal apoptosis in cortical ischemic penumbra by inhibiting the ERS pathway. The ERS-related proteins GRP78 (A), p-PERK/
PERK and CHOP (B) from cortical ischemic penumbra were determined byWestern blot. GAPDHwas used as the loading control. (C), Bar graph showing the statistical
comparison of GRP78, p-PERK/PERK and CHOP protein levels across groups. n � 6. Data are shown as the mean ± SEM. *p < 0.05 compared with Sham group;
#p < 0.05 compared with the CIRI group.
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Berberine Attenuates Neuronal Apoptosis in
Ischemic Penumbra Induced by Cerebral
Ischemia-Reperfusion Injury
Twenty-four hours after CIRI, TUNEL staining was used to detect
neuron-positive apoptotic cells. The experimental results showed
that compared with that in the Sham group, the number of
apoptotic cells in the cortical ischemic penumbra of the CIRI
group was increased (p < 0.05). Compared with that in the CIRI
group, the number of positive apoptotic cells in the CIRI + BBR
group was significantly reduced (p < 0.05) (Figures 2A,B).
Western blot analysis showed that Caspase-3 expression in the
cortical ischemic penumbra of the CIRI group was significantly
higher than that of the Sham group, but after BBR treatment,
Caspase-3 expression was significantly decreased (p < 0.05,
Figures 2C,D). These results show that BBR could inhibit
apoptosis and protect neurons.

Berberine Attenuates Neuronal Apoptosis in
Cortical Ischemic Penumbra by Inhibiting
Endoplasmic Reticulum Stress Pathway
The ER molecular chaperone protein GRP78 is a marker protein
of ERS and is mainly located in the cytoplasm and ER. Under

pathological conditions, GRP78 would dissociate from CNPY2,
and activate the PERK-CHOP mediated apoptosis signaling
pathway, thereby inducing cell apoptosis. After 24 h of CIRI,
the expression levels of the ERS apoptosis proteins GRP78,
CHOP, and p-PERK/PERK in the ischemic penumbra were
detected by Western blot (Figure 3). The results showed that
the expression levels of GRP78, CHOP, and p-PERK/PERK were
significantly increased in the CIRI group compared with those in
the Sham group (p < 0.05). However, after BBR treatment, the
expression levels of GRP78, CHOP, and p-PERK/PERK were
significantly lower than those in CIRI group (p < 0.05). These
results further suggest that BBR may reduce neuronal apoptosis
in the cortical ischemic penumbra by inhibiting the ERS
apoptosis pathway.

Berberine Attenuates Neuronal Apoptosis
by Inhibiting CNPY2-Endoplasmic
Reticulum Stress in Ischemic Penumbra
CNPY2 is the initiating factor of the ERS signaling pathway and is
located in the ER. GRP78 is a marker protein of ERS and is mainly
located in the ER and cytoplasm. Their expression levels reflect
the degree of ERS activation. CNPY2 and GRP78 expression in
ischemic brain tissue was analyzed by immunofluorescence

FIGURE 4 | BBR inhibits CNPY2-mediated ERS pathway. The expression of CNPY2 and GRP78 in ischemic brain tissue was analyzed by immunofluorescence
staining to further evaluate the effect of BBR on the ERS pathway. (A), The location of CNPY2 in the ischemic penumbra of each group. (B), Ratio of fluorescence
intensity of CNPY2 in ischemic penumbra. (C), The location of CNPY2 in the ischemic penumbra of each group. (D), Ratio of fluorescence intensity of CNPY2 in ischemic
penumbra. Original magnification is 400×, scale bars is 20 μm n � 6. Data are shown as the mean ± SEM. *p < 0.05 compared with the Sham group; #p < 0.05
compared with the CIRI group.
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staining to further evaluate the effect of BBR on the ERS pathway.
The immunofluorescence results showed that CNPY2 and
GRP78 were mainly located in the cytoplasm of the cerebral
cortex in the Sham group and showed weak expression

(Figure 4). After 24 h of reperfusion, the expression level of
CNPY2 in the CIRI group was significantly enhanced, and
nuclear translocation occurred; the expression of GRP78 was
also significantly enhanced, without obvious nuclear metastasis

FIGURE 5 | BBR inhibits ERS in cortical ischemic penumbra. (A), Immunohistochemistry results showed that CNPY2-positive neurons were found in the ischemic
penumbra area of each model group. (B), Ratio of positive cells. Original magnification is 400×, scale bars is 20 μm n � 6. Data are shown as the mean ± SEM. *p < 0.05
compared with Sham group; #p < 0.05 compared with the CIRI group.

FIGURE 6 | BBR attenuates neuronal apoptosis by inhibiting CNPY2-ERS in ischemic penumbra. The CNPY2-ERS apoptotic signaling proteins CNPY2 (A,B),
GRP78 (B), and p-PERK/PERK (D), from cortical ischemic penumbra were determined by Western blot. The results were normalized to the percentage of Calnexin or
GAPDH expression. (C,E), Bar graph showing the statistical comparison of CNPY2, GRP78 and p-PERK/PERK protein levels across groups. n � 6. Data are shown as
the mean ± SEM. *p < 0.05 compared with the Sham group or Sham + D group; #p < 0.05 compared with the CIRI group or CIRI + D group; $p < 0.05 compared
with the CIRI + TG group.
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(p < 0.05). After BBR treatment, the expression levels of CNPY2
and GRP78 in the CIRI + BBR group were significantly lower
than those in the CIRI group, and the translocation phenomenon
was significantly reduced (p < 0.05). Similarly, the
immunohistochemistry and Western Blot results of CNPY2 in
each group were also similar to the immunofluorescence results
(Figures 5, 6A). Compared with the Sham group, the expression
level of CNPY2 in the ischemic penumbra of the CIRI group was
significantly higher (p < 0.05). In the CIRI + BBR group, the
expression level of CNPY2 was significantly lower than that in the
CIRI group (p < 0.05). These results suggest that BBR may inhibit
apoptosis by regulating the CNPY2-ERS pathway.

To confirm the role of the CNPY2-ERS pathway in CIRI, we
used the ER agonist TG to stimulate the occurrence of ERS.
Western blotting was used to detect the expression of CNPY2
and ERS apoptotic pathway proteins in ischemic penumbra
(Figures 6B,D). The results suggested that compared with
those in the Sham + D group, the expression levels of
CNPY2, p-PERK/PERK, and GRP78 in the CIRI + TG
group were significantly increased (p < 0.05). After BBR
treatment, the expression levels of CNPY2, p-PERK/PERK,
and GRP78 in the CIRI + TG + BBR group were
significantly lower than those in the CIRI + TG group (p <
0.05, Figures 6C,E). The experimental results showed that BBR
may reduce nerve cell apoptosis by inhibiting the CNPY2-ERS
pathway in the ischemic penumbra.

Berberine Attenuates Neuronal Apoptosis
by CNPY2-Protein Kinase-Like ER Kinase
Pathway in Cortical Ischemic Penumbra
To further confirm the effect of BBR on the CNPY2-PERK
pathway induced by CIRI, we added a PERK-specific inhibitor
to one of the treatment groups. Western blotting showed that
compared with that in the CIRI + D + BBR group, the
expression of CHOP and Caspase-3 in the CIRI + GSK +
BBR group decreased significantly (p < 0.05, Figure 7). The
experimental results confirmed that the BBR partially attenuates
neuronal apoptosis after CIRI by inhibiting the CNPY2-PERK
pathway.

DISCUSSION

Cerebrovascular diseases seriously endanger human health. In an
aging population, the incidence of the disease will increase.
Therefore, related basic and clinical research on ischemic
stroke has become an area of intense active research. After
ischemic stroke, blood perfusion can be rapidly restored by
thrombolysis or mechanical recanalization (Burrows et al.,
2015). However, some patients experience CIRI, which leads
to further aggravation of neurological dysfunction (Chen et al.,
2020). Our studies have shown that the CNPY2-PERK pathway

FIGURE 7 | BBR attenuates neuronal apoptosis via the CNPY2-PERK pathway in cortical ischemic penumbra. The CNPY2-PERK apoptotic signaling proteins
CHOP (A) and cleaved Caspase-3 (B) from cortical ischemic penumbra were determined by Western blot. The results were normalized to the percentage of GAPDH
expression. (B), Bar graph showing the statistical comparison of CHOP and cleaved Caspase-3 protein levels across groups. n � 6. Data are shown as the mean ± SEM.
*p < 0.05 compared with the Sham + D group; #p < 0.05 compared with the CIRI group; ▲p < 0.05 compared with the CIRI + D + BBR group.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6096938

Zhao et al. Berberine Attenuates Neuronal Apoptosis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


plays an important role in CIRI, and BBR may exert
neuroprotective effects by inhibiting this pathway. The current
study reveals part of the mechanism by which BBR exerts a
neuroprotective effect from the perspective of molecular biology
and provides a theoretical basis for its clinical application in the
treatment of ischemic stroke.

To improve the prognosis and quality of life of patients with
ischemic stroke and to address various problems in the treatment
of this condition, research has focused on the mechanism of
neuronal damage after ischemia and the prevention of neuronal
cell damage after recanalization. When cerebral ischemia occurs,
the ischemic area can be divided into the ischemic core area and
the ischemic penumbra according to histopathological
characteristics (Uzdensky, 2019). The ischemic penumbra is
the transition region between the ischemic core and the
nonischemic area (Liu C. et al., 2018; Uzdensky, 2019). A
large number of non-necrotic neurons are preserved in the
ischemic penumbra owing to the small amount of collateral
arteries. Their cell function is not completely destroyed and
the damage can be reversed (Uzdensky, 2019). The key
treatment for ischemic stroke is to restore the blood supply to
the cerebral ischemic area as soon as possible and save the dying
brain nerve cells (El Amki and Wegener, 2017). The cerebral
tissue damage after CIRI, especially in the penumbra, plays an
important role in determining the size of infarction and the
prognosis of the stroke. Apoptosis strongly contributes to nerve
cell death after CIRI and aggravates the damaged nerve function
in patients with ischemic stroke (Uzdensky, 2019). In the first few
hours after the stroke occurred in rodents, the expression levels of
various apoptotic proteins were significantly upregulated in the
ischemic area. At 0.5–1 h after MCAO, Caspase-3, Caspase-6 and
Caspase-9 were overexpressed in the ischemic core of the cerebral
cortex and further increased over the following 12–24 h (Ferrer
et al., 2003; Krupinski et al., 2003). In the ischemic penumbra,
Caspase-3 and Caspase-6 upregulation was detected in neurons
1–4 hours after stroke (Demyanenko and Uzdensky, 2017).
Cytochrome C could be detected in the cerebral ischemic core
area and in penumbra neuron cytoplasm 3 h after MCAO (Li
et al., 2002; Ferrer and Planas, 2003). These findings indicate that
apoptosis plays a key role in the pathological process of CIRI. The
current study also suggested that CIRI increased the apoptosis of
nerve cells, thereby increasing neurological dysfunction in rats.

In addition to the direct damage caused by ischemia and
hypoxia, a variety of secondary injury mechanisms induced by
ischemia/reperfusion aggravate neurological dysfunction,
including excitatory amino acid toxicity, free radicals,
inflammatory reactions, calcium overload, apoptosis and other
pathological injury mechanisms (Datta et al., 2020). The
interaction of various factors can be sequential or parallel and
can affect the entire process of pathological development.
Apoptosis is the main form of CIRI (Uzdensky, 2019).
Current research suggests that there are three main signal
transduction pathways that regulate apoptosis, namely, the
mitochondrial pathway, the death receptor pathway and the
ERS pathway (Ten and Galkin, 2019; Datta et al., 2020). The
ERS-mediated apoptosis pathway plays an important role in the
pathogenesis of CIRI (Xin et al., 2014). The ER is a membranous

organelle and is the main site of calcium storage and signal
transduction (Ron and Walter, 2007). The ER molecular
chaperone protein GRP78/BIP (glucose regulatory protein 78/
immunoglobulin heavy chain binding protein) is a marker
protein of ERS (Gardner et al., 2013). Under physiological
conditions, GRP78 forms stable complexes with three kinds of
ER proteins: double-stranded RNA-activated protein kinase-like
ER kinase (PERK), inositol-dependent factor 1 (IREl), and active
transcription factor 6 (ATF-6). However, sustained and severe
CIRI induces GRP78 to dissociate from these three
transmembrane proteins, activates the PERK, IRE1, and ATF6
pathways, and transfers downstream stress signals to induce
apoptosis (Degracia et al., 2002). This apoptosis pathway is
mainly caused by C/EBP homologous protein (CHOP),
apoptosis signal-regulated kinase 1 (ASK1) and Caspase-12
(Ferri and Kroemer, 2001; Iurlaro and Munoz-Pinedo, 2016).
The expression of ERS apoptotic proteins (GRP78, p-PERK/
PERK, CHOP and Caspase-3) in ischemic penumbra were
found to be significantly increased after CIRI, and the
expression levels of ERS apoptotic proteins (GRP78 and
p-PERK/PERK) were further increased after the application of
ER agonists. The experimental results confirmed that CIRI
induces the ERS apoptosis pathway, thus aggravating the
apoptosis of nerve cells.

As the main organ of signal transduction, the ER has a
complex monitoring system and ensures the accuracy of signal
transduction through a variety of regulatory mechanisms (Binet
and Sapieha, 2015). Severe ischemia-reperfusion injury promotes
the aggregation of unfolded or misfolded proteins in the ER
cavity, disrupts the homeostasis of ER function, and thus
determines cell survival (Luchetti et al., 2017). However, it is
not completely clear how the ERS sensor is triggered by
molecules. Recent studies have found that CNPY2 may be a
promoter of ERS and participate in the occurrence of ERS (Hong
et al., 2017). CNPY2 belongs to the canopy family and is widely
present in various rat tissues, including in the nervous system,
cardiovascular system, respiratory system, digestive system and
reproductive system (Hatta et al., 2014; Guo et al., 2015b). During
the transition of the ER from a nonstressed state to a stressed
state, the CNPY2 binding partner switched from GRP78 to PERK
and selectively activated the PERK-CHOP-mediated apoptosis
signaling pathway (Urra and Hetz, 2017). CNPY2-deficient cells
have also been produced by gene knockout in some studies, and
PERK activation was found to be almost completely inhibited,
indicating that CNPY2 expression is a key step in signal initiation
(Hong et al., 2017). CNPY2 attenuated the transition from
compensatory hypertrophy to ventricular dilation and heart
failure (Guo et al., 2015a). Recent studies have found that
barbaloin reduces myocardial ischemia-reperfusion injury in
rats by inhibiting the CNPY2-PERK pathway (Cui et al.,
2019). Our previous research also found that the CNPY2-ERS
apoptosis pathway participated in the process of spinal cord
ischemia-reperfusion injury (Zhao et al., 2019). However, as
yet, the role of CNPY2 is poorly understood. The expression
of CNPY2 in ischemic penumbra was found to be increased after
CIRI and was further increased after the application of ER
agonists. The experimental results suggest that CNPY2 is
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involved in the occurrence and development of CIRI. To further
verify the role of the CNPY2-PERK pathway in CIRI, we added a
PERK-specific inhibitor. The experimental results showed that
the expression of ERS apoptotic proteins (CHOP and Caspase-3)
in the ischemic penumbra significantly decreased. Combined
with the above results, this indicated that CIRI activates the
CNPY2-PERK apoptosis pathway and promotes the occurrence
of apoptosis.

Coptis chinensis is a plant in the genus coptidis in the
Ranunculaceae family and is a medicinal material used in
China. Coptis chinensis contains a variety of alkaloids, and
BBR is its main active ingredient. This alkaloid has a variety
of pharmacological effects and is widely used clinically as an
antipyretic analgesic and as an antibacterial agent for intestinal
infections. In the past 20 years, in-depth studies on the
pharmacological mechanisms of BBR have shown this
compound to have antioxidant, antistress, anti-inflammatory,
hypolipidemic and anticancer pharmacological activities (Wang
et al., 2017). In addition, many clinical trials have clarified its
therapeutic role in cardiovascular diseases, such as atherosclerosis,
myocardial ischemia, heart failure and arrhythmia (Cicero and
Baggioni, 2016). Excitingly, BBR is a natural medicine that can
penetrate the blood-brain barrier and be absorbed by neurons. BBR
is transmitted to the neurons through the blood-brain barrier in a
concentration-dependent and time-dependent manner (Lin and
Zhang, 2018). It has neuroprotective effects against a variety of
central nervous system-related diseases, such as cerebral ischemia,
Alzheimer’s disease, schizophrenia, anxiety, and depression
(Kulkarni and Dhir, 2010; Cicero and Baggioni, 2016). Recent
studies have found that BBR plays a neuroprotective role after

cerebral ischemia-reperfusion through a complex signaling
network composed of multiple kinases and signaling pathways
(Lin and Zhang, 2018). BBR was also found to promote
angiogenesis in CIRI rats by activating the hypoxia-induced
growth factor-1α (HIF-1α)/vascular endothelial growth factor
(VEGF) signaling pathway (Liu H. et al., 2018). BBR can
improve CIRI-induced injury by activating the brain-derived
neurotrophic factor (BDNF)-promyosin receptor kinase B
(TrkB)-PI3K/Akt signaling pathway (Yang et al., 2018). BBR
may also play a neuroprotective role in the process of cerebral
ischemia by blocking neuron channels in the hippocampal CA1
area, maintaining intracellular ion homeostasis and inhibiting
apoptosis (Wang et al., 2004). These studies indicate that BBR
has a significant neuroprotective effect against cerebral ischemic
injury. However, the study of BBR from the perspective of ERS
remains insufficient, and its potential molecular mechanism of
protection is unclear. The current study found that BBR improved
neurological dysfunction caused by CIRI and inhibited nerve cell
apoptosis. Further molecular biology experiments found that BBR
significantly inhibited CNPY2 expression and nuclear transfer and
inhibited the expression of downstream apoptotic proteins
(GRP78, p-PERK/PERK, CHOP and Caspase-3) in the CNPY2-
ERS pathway. Additional experiments showed that BBR
significantly inhibited the expression of CNPY2, GRP78, and
p-PERK/PERK induced by ERS agonists. However, the
inhibitory effect of BBR on proapoptotic proteins (CHOP and
Caspase-3) was partially reversed after the application of PERK
inhibitor. These experimental results indicate that BBR at least
partially reduces the apoptosis induced by CIRI by inhibiting the
CNPY2-PERK apoptosis pathway.

FIGURE 8 | BBR alleviates ERS after CIRI. Berberine significantly inhibited CIRI induced up-regulation of CNPY2, GRP78 and CHOP, hallmarks of ERS. BBR,
Berberine; CIRI, cerebral ischemia-reperfusion injury; CNPY2, canopy FGF signaling regulator 2; GRP78: glucose-regulated protein 78; CHOP: C/EBP homologous protein.
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In summary, this study showed the protective effect of BBR
against CIRI in rats and further identified the important role of
the CNPY2-ERS pathway in the neuroprotective mechanism of
BBR (Figure 8). These results reveal part of the
neuroprotective mechanism of BBR and provide a
theoretical basis for the clinical application of BBR in
ischemic stroke. However, this study also has limitations.
Whether BBR may play a protective role under different
conditions of CIRI conditions is still unknown. Similarly, it
is not clear whether BBR can reduce CIRI through ERS-related
inflammation, autophagy or other signaling pathways, which is
also worthy of further exploration. Therefore, we will continue
to study the possible protective mechanism of BBR on CIRI to
accelerate the rehabilitation of patients, so as to fully develop
the potential advantages and good development prospects of
traditional Chinese medicine.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Experimental Animals Ethics Committee of the Tianjin 4th
Centre Hospital (The Fourth Central Hospital Affiliated to
Nankai University) and the Experimental Animal Ethics
Committee of Institute of Radiation Medicine, Chinese
Academy of Medical Sciences.

AUTHOR CONTRIBUTIONS

L-NZ, H-ML and LC designed the experiments. L-NZ, Y-BD, GQ
and SN performed the experiments. J-HW, CT, M-NH and Y-JZ
analyzed the data. L-NZ, J-LS and LC wrote the manuscript. L-NZ,
P-JZ and LC edited themanuscript. M-LZ, J-LS andM-NHprovides
partial funding. All authors read and approved the final manuscript.

FUNDING

This workwas supported by the TianjinHealth Commission, Tianjin
Administration of Traditional Chinese Medicine, Chinese Medicine
and Integrated Traditional Chinese andWestern Medicine Research
Project (2019129); Tianjin Medical Association Anesthesiology
Branch Youth Research and Development Fund Project (2018,
2019); Open Fund of Tianjin Central Hospital of Gynecology
Obstetrics/Tianjin Key Laboratory of human development and
reproductive regulation (2019XH07); Tianjin Health Science and
Technology Project (RC20013, ZC20044, KJ20049); TianjinHospital
Science and Technology Fund (Tjyy2111); Tianjin Wuqing District
Science and technology development plan project (WQKJ201844);
Tianjin Municipal Science and Technology Bureau of China
(18ZXZNSY00240); Ministry of science and technology of the
people’s Republic of China (2019YFC0119402).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.609693/
full#supplementary-material

REFERENCES

Binet, F., and Sapieha, P. (2015). ER stress and angiogenesis. Cel Metab. 22,
560–575. doi:10.1016/j.cmet.2015.07.010

Burrows, F. E., Bray, N., Denes, A., Allan, S. M., and Schiessl, I. (2015). Delayed
reperfusion deficits after experimental stroke account for increased
pathophysiology. J. Cereb. Blood Flow Metab. 35, 277–284. doi:10.1038/
jcbfm.2014.197

Chen, W., Huang, J., Hu, Y., Khoshnam, S. E., and Sarkaki, A. (2020).
Mitochondrial transfer as a therapeutic strategy against ischemic stroke.
Transl Stroke Res. 11, 1214–1228. doi:10.1007/s12975-020-00828-7

Cicero, A. F. G., and Baggioni, A. (2016). Berberine and its role in chronic disease.
Adv. Exp. Med. Biol. 928, 27–45. doi:10.1007/978-3-319-41334-1_2

Cui, Y., Wang, Y., and Liu, G. (2019). Protective effect of Barbaloin in a rat model of
myocardial ischemia reperfusion injury through the regulation of the CNPY2-
PERK pathway. Int. J. Mol. Med. 43, 2015–2023. doi:10.3892/ijmm.2019.4123

Datta, A., Sarmah, D., Mounica, L., Kaur, H., Kesharwani, R., Verma, G., et al.
(2020). Cell death pathways in ischemic stroke and targeted pharmacotherapy.
Transl Stroke Res. 11, 1185–1202. doi:10.1007/s12975-020-00806-z

Degracia, D. J., Kumar, R., Owen, C. R., Krause, G. S., and White, B. C. (2002).
Molecular pathways of protein synthesis inhibition during brain reperfusion:
implications for neuronal survival or death. J. Cereb. Blood Flow Metab. 22,
127–141. doi:10.1097/00004647-200202000-00001

Demyanenko, S., and Uzdensky, A. (2017). Profiling of signaling proteins in
penumbra after focal photothrombotic infarct in the rat brain cortex. Mol.
Neurobiol. 54, 6839–6856. doi:10.1007/s12035-016-0191-x

El Amki, M., and Wegener, S. (2017). Improving cerebral blood flow after arterial
recanalization: a novel therapeutic strategy in stroke. Int. J. Mol. Sci. 18, 2669.
doi:10.3390/ijms18122669

Ferrer, I., Friguls, B., Dalfó, E., Justicia, C., and Planas, A. M. (2003). Caspase-
dependent and caspase-independent signalling of apoptosis in the penumbra
following middle cerebral artery occlusion in the adult rat. Neuropathol. Appl.
Neurobiol. 29, 472–481. doi:10.1046/j.1365-2990.2003.00485.x

Ferrer, I., and Planas, A. M. (2003). Signaling of cell death and cell survival
following focal cerebral ischemia: life and death struggle in the
penumbra. J. Neuropathol. Exp. Neurol. 62, 329–339. doi:10.1093/jnen/
62.4.329

Ferri, K. F., and Kroemer, G. (2001). Organelle-specific initiation of cell death
pathways. Nat. Cel. Biol. 3, E255–E263. doi:10.1038/ncb1101-e255

Gardner, B. M., Pincus, D., Gotthardt, K., Gallagher, C. M., and Walter, P. (2013).
Endoplasmic reticulum stress sensing in the unfolded protein response. Cold
Spring Harbor Perspect. Biol. 5, a013169. doi:10.1101/cshperspect.a013169

Global Burden of Disease Study (2015). Global, regional, and national incidence,
prevalence, and years lived with disability for 301 acute and chronic diseases
and injuries in 188 countries, 1990-2013: a systematic analysis for the Global
Burden of Disease Study 2013. Lancet 386, 743–800. doi:10.1016/S0140-
6736(15)60692-4

Guo, J., Mihic, A., Wu, J., Zhang, Y., Singh, K., Dhingra, S., et al. (2015a). Canopy 2
attenuates the transition from compensatory hypertrophy to dilated heart
failure in hypertrophic cardiomyopathy. Eur. Heart J. 36, 2530–2540. doi:10.
1093/eurheartj/ehv294

Guo, J., Zhang, Y., Mihic, A., Li, S.-H., Sun, Z., Shao, Z., et al. (2015b). A secreted
protein (Canopy 2, CNPY2) enhances angiogenesis and promotes smooth

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 60969311

Zhao et al. Berberine Attenuates Neuronal Apoptosis

https://www.frontiersin.org/articles/10.3389/fphar.2021.609693/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.609693/full#supplementary-material
https://doi.org/10.1016/j.cmet.2015.07.010
https://doi.org/10.1038/jcbfm.2014.197
https://doi.org/10.1038/jcbfm.2014.197
https://doi.org/10.1007/s12975-020-00828-7
https://doi.org/10.1007/978-3-319-41334-1_2
https://doi.org/10.3892/ijmm.2019.4123
https://doi.org/10.1007/s12975-020-00806-z
https://doi.org/10.1097/00004647-200202000-00001
https://doi.org/10.1007/s12035-016-0191-x
https://doi.org/10.3390/ijms18122669
https://doi.org/10.1046/j.1365-2990.2003.00485.x
https://doi.org/10.1093/jnen/62.4.329
https://doi.org/10.1093/jnen/62.4.329
https://doi.org/10.1038/ncb1101-e255
https://doi.org/10.1101/cshperspect.a013169
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1093/eurheartj/ehv294
https://doi.org/10.1093/eurheartj/ehv294
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


muscle cell migration and proliferation. Cardiovasc. Res. 105, 383–393. doi:10.
1093/cvr/cvv010

Hatta, K., Guo, J., Ludke, A., Dhingra, S., Singh, K., Huang, M. L., et al. (2014).
Expression of CNPY2 in mouse tissues: quantification and localization. PLoS
One 9, e111370. doi:10.1371/journal.pone.0111370

Hong, F., Liu, B., Wu, B. X., Morreall, J., Roth, B., Davies, C., et al. (2017). CNPY2 is
a key initiator of the PERK-CHOP pathway of the unfolded protein response.
Nat. Struct. Mol. Biol. 24, 834–839. doi:10.1038/nsmb.3458

Huang, H., Chen, Y. M., Zhu, F., Tang, S. T., Xiao, J. D., Li, L. L., et al. (2015).
Down-regulated Na(+)/K(+)-ATPase activity in ischemic penumbra after focal
cerebral ischemia/reperfusion in rats. Int. J. Clin. Exp. Pathol. 8, 12708–12717.

Huang, Y. G., Tao, W., Yang, S. B., Wang, J. F., Mei, Z. G., and Feng, Z. T. (2019).
Autophagy: novel insights into therapeutic target of electroacupuncture against
cerebral ischemia/reperfusion injury. Neural Regen. Res. 14, 954–961. doi:10.
4103/1673-5374.250569

Iurlaro, R., and Muñoz-Pinedo, C. (2016). Cell death induced by endoplasmic
reticulum stress. FEBS J. 283, 2640–2652. doi:10.1111/febs.13598

Krupinski, J., Slevin, M., Marti, E., Catena, E., Rubio, F., and Gaffney, J. (2003).
Time-course phosphorylation of the mitogen activated protein (MAP) kinase
group of signalling proteins and related molecules following middle cerebral
artery occlusion (MCAO) in rats. Neuropathol. Appl. Neurobiol. 29, 144–158.
doi:10.1046/j.1365-2990.2003.00454.x

Kulkarni, S. K., and Dhir, A. (2010). Berberine: a plant alkaloid with therapeutic
potential for central nervous system disorders. Phytother. Res. 24, 317–324.
doi:10.1002/ptr.2968

Li, F., Omori, N., Sato, K., Jin, G., Nagano, I., Manabe, Y., et al. (2002). Coordinate
expression of survival p-ERK and proapoptotic cytochrome c signals in rat
brain neurons after transient MCAO. Brain Res. 958, 83–88. doi:10.1016/s0006-
8993(02)03465-0

Lin, X., and Zhang, N. (2018). Berberine: pathways to protect neurons.
Phytotherapy Res. 32, 1501–1510. doi:10.1002/ptr.6107

Liu, C., Fu, Q., Mu, R., Wang, F., Zhou, C., Zhang, L., et al. (2018).
Dexmedetomidine alleviates cerebral ischemia-reperfusion injury by
inhibiting endoplasmic reticulum stress dependent apoptosis through the
PERK-CHOP-Caspase-11 pathway. Brain Res. 1701, 246–254. doi:10.1016/j.
brainres.2018.09.007

Liu, H., Ren, X., and Ma, C. (2018). Effect of berberine on angiogenesis and HIF-
1α/VEGF signal transduction pathway in rats with cerebral ischemia -
reperfusion injury. J. Coll. Physicians Surg. Pak 28, 753–757.

Liu, D.-Q., Chen, S.-P., Sun, J., Wang, X.-M., Chen, N., Zhou, Y.-Q., et al. (2019).
Berberine protects against ischemia-reperfusion injury: a review of evidence
from animal models and clinical studies. Pharmacol. Res. 148, 104385. doi:10.
1016/j.phrs.2019.104385

Long, Y., Yang, Q., Xiang, Y., Zhang, Y., Wan, J., Liu, S., et al. (2020). Nose to brain
drug delivery - a promising strategy for active components from herbal
medicine for treating cerebral ischemia reperfusion. Pharmacol. Res. 159,
104795. doi:10.1016/j.phrs.2020.104795

Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible
middle cerebral artery occlusion without craniectomy in rats. Stroke 20, 84–91.
doi:10.1161/01.str.20.1.84

Lourbopoulos, A., Karacostas, D., Artemis, N., Milonas, I., and Grigoriadis, N.
(2008). Effectiveness of a new modified intraluminal suture for temporary
middle cerebral artery occlusion in rats of various weight. J. Neurosci. Methods
173, 225–234. doi:10.1016/j.jneumeth.2008.06.018

Luchetti, F., Crinelli, R., Cesarini, E., Canonico, B., Guidi, L., Zerbinati, C., et al.
(2017). Endothelial cells, endoplasmic reticulum stress and oxysterols. Redox
Biol. 13, 581–587. doi:10.1016/j.redox.2017.07.014

Meng, C., Zhang, J., Dang, B., Li, H., Shen, H., Li, X., et al. (2018). PERK pathway
activation promotes intracerebral hemorrhage induced secondary brain injury
by inducing neuronal apoptosis both in Vivo and in Vitro. Front. Neurosci. 12,
111. doi:10.3389/fnins.2018.00111

Poustchi, F., Amani, H., Ahmadian, Z., Niknezhad, S. V., Mehrabi, S., Santos, H. A.,
et al. (2021). Combination therapy of killing diseases by injectable hydrogels:
from concept to medical applications. Adv. Healthc. Mater. 10, e2001571.
doi:10.1002/adhm.202001571

Qiao, L., Han, M., Gao, S., Shao, X., Wang, X., Sun, L., et al. (2020). Research
progress on nanotechnology for delivery of active ingredients from traditional
Chinese medicines. J. Mater. Chem. B 8, 6333–6351. doi:10.1039/D0TB01260B

Ron, D., and Walter, P. (2007). Signal integration in the endoplasmic reticulum
unfolded protein response.Nat. Rev.Mol. Cel Biol 8, 519–529. doi:10.1038/nrm2199

Song, D., Hao, J., and Fan, D. (2020). Biological properties and clinical applications
of berberine. Front. Med. 14, 564–582. doi:10.5194/hess-2020-1-rc1

Sun, M. S., Jin, H., Sun, X., Huang, S., Zhang, F. L., Guo, Z. N., et al. (2018). Free
radical damage in ischemia-reperfusion injury: an obstacle in acute ischemic
stroke after revascularization therapy. Oxid Med. Cel Longev 2018, 3804979.
doi:10.1155/2018/3804979

Ten, V., and Galkin, A. (2019). Mechanism of mitochondrial complex I damage in
brain ischemia/reperfusion injury. A hypothesis. Mol. Cell Neurosci. 100,
103408. doi:10.1016/j.mcn.2019.103408

Urra, H., andHetz, C. (2017). Fine-tuning PERK signaling to control cell fate under
stress. Nat. Struct. Mol. Biol. 24, 789–790. doi:10.1038/nsmb.3478

Uzdensky, A. B. (2019). Apoptosis regulation in the penumbra after ischemic
stroke: expression of pro- and antiapoptotic proteins. Apoptosis 24, 687–702.
doi:10.1007/s10495-019-01556-6

Wang, F., Zhao, G., Cheng, L., Zhou, H.-Y., Fu, L.-Y., and Yao, W.-X. (2004). Effects
of berberine on potassium currents in acutely isolated CA1 pyramidal neurons of
rat hippocampus. Brain Res. 999, 91–97. doi:10.1016/j.brainres.2003.11.036

Wang, K., Feng, X., Chai, L., Cao, S., and Qiu, F. (2017). The metabolism of
berberine and its contribution to the pharmacological effects. Drug Metab. Rev.
49, 139–157. doi:10.1080/03602532.2017.1306544

Xin, Q., Ji, B., Cheng, B., Wang, C., Liu, H., Chen, X., et al. (2014). Endoplasmic
reticulum stress in cerebral ischemia. Neurochem. Int. 68, 18–27. doi:10.1016/j.
neuint.2014.02.001

Yan, F., Cao, S., Li, J., Dixon, B., Yu, X., Chen, J., et al. (2017). Pharmacological
inhibition of PERK attenuates early brain injury after subarachnoid
hemorrhage in rats through the activation of akt. Mol. Neurobiol. 54,
1808–1817. doi:10.1007/s12035-016-9790-9

Yang, J., Yan, H., Li, S., and Zhang, M. (2018). Berberine ameliorates MCAO
induced cerebral ischemia/reperfusion injury via activation of the BDNF-TrkB-
PI3K/akt signaling pathway.Neurochem. Res. 43, 702–710. doi:10.1007/s11064-
018-2472-4

Zhai, M., Liu, C., Li, Y., Zhang, P., Yu, Z., Zhu, H., et al. (2019). Dexmedetomidine
inhibits neuronal apoptosis by inducing Sigma-1 receptor signaling in cerebral
ischemia-reperfusion injury. Aging 11, 9556–9568. doi:10.18632/aging.102404

Zhang, Q., Bian, H., Guo, L., and Zhu, H. (2016a). Berberine preconditioning
protects neurons against ischemia via sphingosine-1-phosphate and hypoxia-
inducible factor-1α. Am. J. Chin. Med. 44, 927–941. doi:10.1142/
s0192415x16500518

Zhang, Q., Bian, H., Guo, L., and Zhu, H. (2016b). Pharmacologic preconditioning
with berberine attenuating ischemia-induced apoptosis and promoting
autophagy in neuron. Am. J. Transl Res. 8, 1197–1207.

Zhao, L., Zhai, M., Yang, X., Guo, H., Cao, Y., Wang, D., et al. (2019).
Dexmedetomidine attenuates neuronal injury after spinal cord ischaemia-
reperfusion injury by targeting the CNPY2-endoplasmic reticulum stress
signalling. J. Cel Mol Med 23, 8173–8183. doi:10.1111/jcmm.14688

Zhou, X.-Q., Zeng, X.-N., Kong, H., and Sun, X.-L. (2008). Neuroprotective effects
of berberine on stroke models in vitro and in vivo. Neurosci. Lett. 447, 31–36.
doi:10.1016/j.neulet.2008.09.064

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhao, Li, Gao, Xu, Zhu, Zhai, Zhang, Shen, Di, Wang, Chen,
Huang, Sun and Liu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 60969312

Zhao et al. Berberine Attenuates Neuronal Apoptosis

https://doi.org/10.1093/cvr/cvv010
https://doi.org/10.1093/cvr/cvv010
https://doi.org/10.1371/journal.pone.0111370
https://doi.org/10.1038/nsmb.3458
https://doi.org/10.4103/1673-5374.250569
https://doi.org/10.4103/1673-5374.250569
https://doi.org/10.1111/febs.13598
https://doi.org/10.1046/j.1365-2990.2003.00454.x
https://doi.org/10.1002/ptr.2968
https://doi.org/10.1016/s0006-8993(02)03465-0
https://doi.org/10.1016/s0006-8993(02)03465-0
https://doi.org/10.1002/ptr.6107
https://doi.org/10.1016/j.brainres.2018.09.007
https://doi.org/10.1016/j.brainres.2018.09.007
https://doi.org/10.1016/j.phrs.2019.104385
https://doi.org/10.1016/j.phrs.2019.104385
https://doi.org/10.1016/j.phrs.2020.104795
https://doi.org/10.1161/01.str.20.1.84
https://doi.org/10.1016/j.jneumeth.2008.06.018
https://doi.org/10.1016/j.redox.2017.07.014
https://doi.org/10.3389/fnins.2018.00111
https://doi.org/10.1002/adhm.202001571
https://doi.org/10.1039/D0TB01260B
https://doi.org/10.1038/nrm2199
https://doi.org/10.5194/hess-2020-1-rc1
https://doi.org/10.1155/2018/3804979
https://doi.org/10.1016/j.mcn.2019.103408
https://doi.org/10.1038/nsmb.3478
https://doi.org/10.1007/s10495-019-01556-6
https://doi.org/10.1016/j.brainres.2003.11.036
https://doi.org/10.1080/03602532.2017.1306544
https://doi.org/10.1016/j.neuint.2014.02.001
https://doi.org/10.1016/j.neuint.2014.02.001
https://doi.org/10.1007/s12035-016-9790-9
https://doi.org/10.1007/s11064-018-2472-4
https://doi.org/10.1007/s11064-018-2472-4
https://doi.org/10.18632/aging.102404
https://doi.org/10.1142/s0192415x16500518
https://doi.org/10.1142/s0192415x16500518
https://doi.org/10.1111/jcmm.14688
https://doi.org/10.1016/j.neulet.2008.09.064
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Berberine Attenuates Cerebral Ischemia-Reperfusion Injury Induced Neuronal Apoptosis by Down-Regulating the CNPY2 Signaling ...
	Introduction
	Materials and Methods
	Animals
	Main Reagents
	Drug Treatment and Grouping
	Establish the Cerebral Ischemia-Reperfusion Injury Model
	Modified Neurological Severity Score
	Terminal Deoxynucleotide Trans-Ferase-Mediated dUTP Notch Terminal Labelling (TUNEL) Staining
	Immunofluorescence Assay
	Immunohistochemistry
	Western Blot Experiment
	Statistical Analysis

	Results
	Berberine Improves Neurological Dysfunction Induced by Cerebral Ischemia-Reperfusion Injury
	Berberine Attenuates Neuronal Apoptosis in Ischemic Penumbra Induced by Cerebral Ischemia-Reperfusion Injury
	Berberine Attenuates Neuronal Apoptosis in Cortical Ischemic Penumbra by Inhibiting Endoplasmic Reticulum Stress Pathway
	Berberine Attenuates Neuronal Apoptosis by Inhibiting CNPY2-Endoplasmic Reticulum Stress in Ischemic Penumbra
	Berberine Attenuates Neuronal Apoptosis by CNPY2-Protein Kinase-Like ER Kinase Pathway in Cortical Ischemic Penumbra

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


